V ascular inflammation, disruption of the blood-brain barrier (BBB), and secondary thrombosis all contribute to limiting the therapeutic window for thrombolysis of stroke with tissue-type plasminogen activator (tPA) to 3 hours. 1, 2 There have been multiple efforts at extending the therapeutic window for recombinant human tPA (rht-PA) beyond 3 hours. [3] [4] [5] Agents have been used as adjunctive therapy to rht-PA that reduce vascular inflammation, platelet activity, and thrombin and that are neuroprotective. [3] [4] [5] Moving adjunctive rht-PA therapy into the clinic requires agents with a good safety profile, that will not increase the incidence or severity of bleeding, are relatively inexpensive, and are effective in enhancing the thrombolytic efficacy of rht-PA.
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Statins, or 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, are a class of compounds that have beneficial effects well beyond their ostensibly targeted purpose of reducing serum cholesterol. 6 Pluripotent actions of statins include reducing hemostasis by reducing platelet activation and the procoagulation cascade and increasing fibrinolysis and the anticoagulation cascade. 7 Statins have a broad safety profile, are widely used in humans, and are relatively inexpensive. 7 Thus, statins appear to be ideal compounds to test as adjunctive agents for rht-PA. In this study, we selected a widely used statin, atorvastatin (Lipitor [Pfizer] ), as the test agent to be used with rht-PA. Atorvastatin is contained under normal conditions within the vasculature of the brain, 8 and there are substantial data that suggest it is an antithrombotic agent and reduces vascular inflammation. 9 Our study demonstrates that combination treatment with atorvastatin and rht-PA at 4 hours after stroke onset is neuroprotective in the rat.
Methods
All experimental procedures were approved by the institutional animal care and use committee of Henry Ford Hospital.
Animal Model
Male Wistar rats weighing 350 to 450 g or male C57BL/6J endothelial nitric oxide-null (eNOS Ϫ/Ϫ ) mice weighing 28 to 36 g were subjected to embolic middle cerebral artery occlusion (MCAO). 10 
Experimental Protocols
Atorvastatin (Lipitor [Pfizer] ) was given at a dose of 20 mg/kg SC 4 hours after embolic MCAO and was followed by a second dose of 20 mg/kg 24 hours after the first dose. rht-PA (Genentech) was infused at a dose of 10 mg/kg IV 4 hours after ischemia. Four hours after the MCAO, animals were randomly assigned to monotherapy with atorvastatin (nϭ14), rht-PA (nϭ18), or saline (nϭ26) or combination therapy with atorvastatin and rht-PA (nϭ26). Rats were humanely killed at 1 or 7 days after MCAO. eNOS Ϫ/Ϫ mice were treated with either tenecteplase-tissue plasminogen activator (TNK-tPA, 1.5 mg/kg IV, nϭ4; Genentech) or TNK-tPA (1.5 mg/kg IV) and atorvastatin (20 mg/kg IP, nϭ6) 4 hours after stroke.
Measurement of Infarct Volume and Hemorrhage
Seven days after MCAO, infarct volume was measured on 7 hematoxylin and eosin-stained coronal sections, as described previously. 10 Gross hemorrhagic rate is presented as the percentage of animals per group with visible gross hemorrhage on any coronal section. 10 
Measurement of Microvascular Patency
To examine the patency of cerebral microvessels, fluorescein isothiocyanate (FITC)-dextran (2ϫ10 6 molecular weight, Sigma; 1 mL of 50 mg/mL) was administered intravenously to the rats 24 hours after stroke, as previously reported. 11 Three coronal sections (100 m) from each rat were analyzed with a MicroComputer imaging device system (MCID, Imaging Research Inc). Ten fields of view (4.4 mm 2 ) from each coronal section were acquired in the territory supplied by the right MCA. 4 Data are presented as the numbers of FITC pixels divided by the total number of pixels within the field of view and expressed as a percentage.
Immunohistochemistry
Immunohistochemistry was performed as previously described. 4, 12 The following primary antibodies were used in the present study: a rabbit polyclonal antibody against rat thrombocytes (Inter-Cell Technologies Inc, 1:200), a monoclonal antibody (mAb) against von Willebrand factor (vWF; Dako, 1:200), a polyclonal anti-human myeloperoxidase antibody (Dako, 1:200), an anti-rat intercellular adhesion molecule-1 (ICAM-1) mAb (Seikagaku Corp, 1:500), an anti-rat type IV collagen mAb (M3F7; Developmental Studies Hybridoma Bank, University of Iowa, 1:200), a goat anti-fibrinogen/ fibrin antibody (Accurate Chemical & Scientific, 1:1000), an anti-rat matrix metalloproteinase-9 (MMP9) mAb (Chemicon International, 1:200), an anti-human protease-activated receptor (PAR)-1 mAb (Santa Cruz Biotechnology, 1:1000), and a polyclonal anti-human eNOS antibody (Cell Signaling Technology, 1:500). Immunohistochemical measurements were performed 1 day after stroke except for myeloperoxidase immunoreactivity, which was measured 7 days after stroke.
Western Blot Analysis
Rats were decapitated and the brains removed 24 hours after ischemia. Cytoplasmic proteins were extracted from the ischemic and contralateral homologous tissues. Western blotting was performed to detect eNOS protein with an antibody against eNOS (1:1000). For control of protein loads, a ␤-actin antibody (1:5000, Sigma) was used. Signal bands were visualized by the ECL system (Amersham). The relative density between the blot lanes was analyzed with the MCID system (Imaging Research Inc). Ϫ⌬⌬CT method. 13, 14 The TaqMan primer/hybridization probes for genes of tissue factor, eNOS, vWF, and glyceraldehyde 3-phosphate dehydrogenase were obtained from ABI.
Measurements of eNOS Activity

MRI Measurements
To measure dynamic changes in the ischemic lesion, magnetic resonance imaging (MRI) measurements were performed wit a 7-T, 20-cm-bore superconducting magnet (Magnex Scientific) interfaced to a SMIS console. Perfusion-weighted and T2-weighted image (T2WI) measurements were performed 2, 24, and 48 hours after onset of embolization. 15 
Image Analysis
Areas of ischemic damage were calculated from MRI parameters of T2WIs with threshold values of 2 SDs for T2Wis of the contralateral nonischemic hemisphere. (Areas associated with cerebrospinal fluid and its elevated T2WI values were distinct from parenchymal tissue and were excluded from analysis.) 15 Areas of abnormal cerebral blood flow (CBF) were calculated with a threshold value of 50 mL · 100 g Ϫ1 · min
Ϫ1
. 15 Data were normalized to 100% at the 2-hour time point and presented as percentage changes relative to the 2-hour time point.
Functional Outcomes
Neurological severity scores were measured at 1 and 7 days after ischemia. The neurological severity score is a composite of motor, sensory, reflex, and balance tests. 16 
Body Weight Loss
Animals were weighed before and 7 days after stroke. Body weight loss is presented as a percentage of preischemic body weight.
Statistics
All values are presented as meanϮSD. Data were evaluated for normality. Ranked data were used in the analysis when they were not normally distributed (eg, neurological severity score). Two-way ANOVA was used to test the combination treatment effects on lesion reduction at 7 days after stroke. 17 Analysis began testing for treatment interactions at the critical value of 0.05. An additive effect would be observed if there was no interaction detected at the 0.05 level. Otherwise, the effect of rht-PA and atorvastatin was tested further for a superadditive effect (ie, the combined rht-PA and atorvastatin effect was superior for recovery from stroke to that of the combined effects of each treatment alone) or a subadditive effect (vice versa). We estimated the coefficient of the super/ subadditive effect and its 95% confidence intervals (CIs). CIs excluding zero indicate a super/subadditive effect of the combined rht-PA and atorvastatin treatment. The same analytic approach was used to study treatment effects on functional recovery and weight loss. With a similar approach, we tested for treatment effects on the incidence of hemorrhage at 7 days by logistic regression. Pairwise comparisons were conducted for measurements at day 1 after adjustment for multiple comparisons according to Hochberg's approach.
Results
Effects of Combination Treatment on Infarct Volume and Functional Outcomes
We previously demonstrated that intravenous administration of rht-PA 4 hours after stroke did not reduce infarct volume. 18 To examine whether short-term, high-dose atorvastatin might be effective for enhancing thrombolysis, atorvastatin (20 mg/kg) was administered 4 and 24 hours after stroke, and rht-PA (10 mg/kg IV) was administered 4 hours after stroke in rats subjected to embolic MCAO. Rats in control groups were treated with atorvastatin alone (20 mg/kg at 4 and 24 hours), rht-PA alone (10 mg/kg at 4 hours), or saline. Rats were humanely killed 7 days after stroke. Treatment with atorvastatin or rht-PA alone did not reduce infarct volume compared with the saline group ( Table 1) . In contrast, an interaction of rht-PA and atorvastatin on lesion volume at 7 days was detected (Pϭ0.02), with a superadditive effect with a coefficient of Ϫ12.0 and a 95% CI of Ϫ22.1 to Ϫ1.89. Rats in the combination treatment group had a mean lesion volume reduction of 38% (PϽ0.0001), and these rats did not show an increase in the incidence of hemorrhage compared with those in the control group (Table 1) . Combination treatment also substantially improved neurological outcome (Table 1) . Using MRI, we dynamically measured the effects of combination treatment of atorvastatin and rht-PA on stroke. Occlusion of the right MCA resulted in a significant reduction of CBF in the territory supplied by the MCA 2 hours after stroke ( Figure 1 ). There was no significant difference in CBF between saline-treated ( Figure 1A ) and combination-treated ( Figure 1A ) groups before treatment, suggesting that the initial severity of stroke was the same in both groups. A decline in CBF in the ipsilateral hemisphere persisted for the 48-hour duration of MCAO in the saline-treated group ( Figure 1A ). In contrast, combination treatment resulted in significantly enhanced CBF in the ipsilateral hemisphere during the same period ( Figure 1A) . Interestingly, combination treatment did not elevate contralateral hemisphere CBF levels ( Figure 1A ). In line with perfusion-weighted MRI, T2WI measurements revealed expansion of the ischemic lesion in the saline-treated rats during the 48-hour period ( Figure 1A ), whereas combination treatment blocked expansion of the ischemic lesion during the same period ( Figure  1A ). Quantitative analysis showed that combination treatment significantly increased CBF ( Figure 1B ) and reduced expansion of the ischemic lesion ( Figure 1C) .
Effects of Combination Treatment on Microvascular Patency
To examine whether the increased ipsilateral CBF observed on MRI resulted from increases in microvascular patency, FITC-dextran was administered before the animal was killed. FITC-dextran perfuses all cerebral microvessels in the normal brain. 11 Combination treatment significantly increased microvascular areas perfused with FITC-dextran in the ipsilateral hemisphere ( Figure 2C and 2E) compared with the same areas in rats treated with saline (Figure 2A and 2E) , rht-PA (Figure 2E ), or atorvastatin ( Figure 2E) alone. In addition, combination treatment resulted in a significant reduction of intravascular fibrin and neutrophil deposition and a trend toward decreased platelet deposition (Table 2) , which are all involved in thrombosis. 2 These data are consistent with the MRI findings and demonstrate that combination treatment enhanced microvascular patency by decreasing microvascular thrombosis.
Effects of Combination Treatment on Procoagulant and Anticoagulant Systems
Statins regulate some key steps of coagulation and fibrinolytic processes, including tissue factor, tPA, vWF, and thrombin. 7 To assess the effects of combination treatment on these processes, using TaqMan probes in combination with LCM techniques, we performed real-time RT-PCR analysis on cerebral endothelial cells obtained from brain coronal sections 24 hours after treatment. Analysis of mRNA isolated from vWF-immunoreactive vessels ( Figure 3A through 3D) revealed that combination treatment significantly reduced the expression of vWF and tissue factor compared with rht-PA alone ( Figure 3E and 3F). Immunostaining with antibodies against PAR-1, a receptor for thrombin, showed that combination treatment significantly (PϽ0.05) reduced PAR-1 immunoreactivity compared with rht-PA-treated rats ( Figure  3G through 3I) .
Effects of Combination Treatment on ICAM-1 Expression
To examine whether the antiinflammatory effect of atorvastatin affected ICAM-1 expression, immunostaining for ICAM-1 was performed. Treatment with rht-PA alone significantly increased the numbers of ICAM-1-immunoreactive vessels in the ipsilateral hemisphere ( Figure 4A and 4C) . However, combination treatment significantly reduced the rht-PA-augmented ICAM-1 expression ( Figure 4B and 4C) . Western blot analysis ( Figure 4D and 4E) revealed that atorvastatin significantly diminished rht-PA-induced ICAM-1 expression.
Effects of Combination Treatment on Microvascular Integrity
To examine the effects of combination treatment on cerebral microvascular integrity, immunostaining for collagen type IV, one of the major basal lamina components of cerebral microvessels, 2 and fibrin was performed. Stroke reduced collagen type IV-immunoreactive vessels ( Figure 5B ) compared with collagen IV-positive vessels in the homologous area of the contralateral hemisphere ( Figure 5A ). A reduction in collagen type IV was associated with significant increases in the numbers of vessels with parenchymal fibrin deposition ( Figure 5C ), an indication of BBB leakage. Treatment with rht-PA alone significantly increased the numbers of MMP9-immunoreactive vessels ( Figure 5D and 5F), which degrades extracellular matrix components, including collagen type IV. However, combined treatment with atorvastatin and rht-PA resulted in a significant reduction in the numbers of MMP9-immunoreactive vessels ( Figure 5F ) and a significantly smaller reduction in the number of collagen IVimmunoreactive vessels than monotherapy with saline or rht-PA alone ( Figure 5E ). Atorvastatin alone did not significantly reduce the loss of collagen IV-and MMP9-positive vessels ( Figure 5E and 5F). Furthermore, combination treatment significantly (PϽ0.05) reduced the numbers of vessels with parenchymal fibrin deposition (12Ϯ4.9, nϭ6) compared with the numbers in the rht-PAalone group (39Ϯ8.9, nϭ3).
Effects of Atorvastatin on eNOS Expression
To examine whether the benefits of combination treatment with atorvastatin and rht-PA were associated with the upregulation of eNOS, eNOS mRNA and protein levels were measured. Quantitative real-time RT-PCR analysis of total RNA extracted from the ischemic boundary and the contralateral hemisphere revealed that combination treatment with rht-PA and atorvastatin did not significantly increase eNOS mRNA levels compared with those in saline-treated rats ( Figure 6A ). To further confirm the effects of atorvastatin on cerebrovascular eNOS, total RNA was extracted from cerebral endothelial cells isolated from brain tissue by LCM. Combination treatment did not significantly increase vascular eNOS mRNA levels ( Figure 6B ). Consistent with mRNA analysis, combination treatment did not significantly increase the numbers of eNOS-immunoreactive vessels (nϭ4, 0.6Ϯ0.1/mm 2 ) compared with the numbers in saline-(nϭ4, 0.7Ϯ0.4/mm 2 ), rht-PA-(nϭ4, 0.7Ϯ0.1/mm 2 ), and atorvastatin-(nϭ4, 0.6Ϯ0.2/mm 2 ) treated groups. The same results were obtained from Western blot analysis ( Figure 6C ). These results demonstrate that atorvastatin does not change expression of cerebral eNOS. 
Effects of L-NAME on Combination Treatment
To examine whether blocking NOS activity affects the beneficial effects of combination treatment, rats were treated with atorvastatin, rht-PA, and N-nitro-L-arginine methyl ester (L-NAME). Administration of L-NAME significantly reduced brain NOS activity (Figure 7 ). These rats (nϭ3) had a mean infarct volume of 19.5Ϯ8.1% in the contralateral hemisphere, which was significantly smaller than in rats treated with saline (37.5Ϯ9.4%, nϭ8) or rht-PA (39Ϯ5.8%, nϭ8) alone, but infarct volume was not significantly different from rats treated with atorvastatin in combination with rht-PA (23.1Ϯ9.6%, nϭ8).
Effects of Combination Treatment on eNOS
؊/؊ Mice L-NAME inhibits both eNOS and neuronal NOS activity. To further examine whether eNOS was involved in the beneficial effects of atorvastatin on stroke, eNOS Ϫ/Ϫ mice were treated with TNK-tPA or TNK-tPA with atorvastatin 4 hours after stroke. Embolic stroke in the eNOS Ϫ/Ϫ mice resulted in an Ϸ70% reduction of CBF 4 hours after stroke but before treatment. Twenty-four hours after stroke, administration of TNK-tPA alone (nϭ4) increased CBF by 32% (31Ϯ6% at 4 hours to 45Ϯ2% at 24 hours), whereas treatment with a combination of TNK-tPA and atorvastatin (nϭ6) increased CBF by 46% (32Ϯ3% at 4 hours to 58Ϯ3% at 24 hours), and the difference between the 2 groups was significant (PϽ0.05). Furthermore, eNOS Ϫ/Ϫ mice treated with TNK-tPA alone had a mean infarct volume of 32Ϯ4% of the contralateral hemisphere, whereas eNOS Ϫ/Ϫ mice treated with TNKtPA in combination with atorvastatin had a mean infarct volume of 11Ϯ1% (PϽ0.05).
Effects of Atorvastatin on Blood Pressure, Serum Cholesterol Levels, and Regional CBF
We examined the effects of short-term, high-dose treatment of stroke with atorvastatin on blood pressure, cholesterol levels, and CBF. Treatment with atorvastatin did not significantly reduce mean arterial blood pressure at 5 (nϭ3, 94Ϯ10.3 mm Hg) and 30 (98Ϯ10.8 mm Hg) hours after stroke compared with rats treated with saline (nϭ3, 98Ϯ10.4 mm Hg at 5 hours and 99Ϯ9.3 mm Hg at 30 hours).
Serum total cholesterol levels were not significantly different between atorvastatin-(nϭ4, 68Ϯ9 mg/dL) and saline-(nϭ4, 56Ϯ1 mg/dL) treated groups. Treatment with atorvastatin also did not significantly increase regional CBF as measured by laser Doppler flowmetry (nϭ3, 434Ϯ84 perfusion units before treatment versus 451Ϯ57 perfusion units during a 5-hour period after treatment).
Discussion
We demonstrate for the first time that a widely used statin compound with an excellent safety profile exerts neuroprotective effects when combined with thrombolytic treatment with rht-PA at 4 hours after stroke onset. The therapeutic benefits observed with combination therapy can likely be attributed to atorvastatin's multitargeted effects on cerebral microvascular thrombosis and microvascular integrity.
Statins have been used prophylactically or within 3 hours of onset to effectively treat ischemic stroke in the rodent model. 19 Chronic statin administration upregulates eNOS expression resulting in augmentation of CBF, which leads to a reduction in infarct volume, whereas the prophylactic effects of statins on stroke are absent in eNOS Ϫ/Ϫ mice subjected to MCAO. 19 These data indicate that the major therapeutic mechanism is statin-induced upregulation of eNOS expression. However, studies in postnatal rats subjected to hypoxia-ischemia showed that prophylactic administration of simvastatin reduced brain injury and improved functional recovery and that this prophylactic effect was associated with a reduction in cytokine expression but did not affect eNOS expression. 20 In parallel, our data demonstrate that administration of atorvastatin after stroke extended the therapeutic window of rht-PA by enhancement of cerebral microvascular patency and integrity, primarily by decreasing thrombosis. Combination treatment did not increase eNOS levels, and blocking NOS activity with the NOS inhibitor L-NAME did not abolish the beneficial effects of combination treatment on stroke. Furthermore, treatment with TNKtPA and atorvastatin significantly increased restoration of CBF and reduced infarct volume compared with TNK-tPA treatment alone in eNOS Ϫ/Ϫ mice. Thus, the mechanism underlying the neuroprotection after combination treatment likely derived from the statin's eNOS-independent ability to mitigate rht-PA-induced microvascular thrombosis, inflammatory responses, and vasculature disruption. 21 Consistent with our results, a recent study showed that rosuvastatin reduced rht-PA-induced brain damage by a mechanism independent of eNOS. 22 In this model of embolic stroke, we have demonstrated that secondary thrombosis develops in the cortex during the first 6 hours of stroke, which contributes to impairment of cerebral microvascular patency. 2 Consistent with previous findings, the present study has shown that combination treatment with atorvastatin and rht-PA significantly improved restoration of CBF and enhanced vascular patency in the ipsilateral cortex, indicating that combination therapy reduced secondary thrombus formation. Mechanisms for generation of thrombosis after cerebral ischemia include procoagulant transformation of brain microvascular endothelium 5 and platelet activation. 2 Stroke-induced tissue factor initiates the coagulation Figure 7 . eNOS activity. Bar graph shows brain eNOS activity in animals treated with rht-PA, rht-PA and atorvastatin, and rht-PA and atorvastatin and L-NAME. *PϽ0.05 vs rht-PA, and rht-PA and atorvastatin.
cascade. 23 Thrombin promotes expression of vWF on endothelial cells and facilitates thrombosis formation. 24 PAR-1 is the prototype thrombin receptor, and plasmin, which is generated from rht-PA's cleavage of plasminogen, activates PAR-1, which also promotes thrombosis formation. 25 Our data have shown that combination treatment with atorvastatin and rht-PA blocked the rht-PA-and stroke-induced increases in PAR-1, vWF, and tissue factor expression, suggesting that the beneficial effects of atorvastatin on coagulation and fibrinolysis inhibit secondary thrombosis and improve cerebral microvascular patency, which reduce infarct volume.
Delayed fibrinolysis with rht-PA further increased ICAM-1 expression and neutrophil accumulation in ipsilateral cerebral vessels. 12 In the present study, administration of atorvastatin in combination with rht-PA significantly reduced ICAM-1 expression and neutrophil accumulation in cerebral microvessels, suggesting that atorvastatin attenuates the adverse effects of inflammation after thrombolysis with rht-PA and thereby enhances the efficacy of thrombolytic therapy. Our data are comparable with previous studies that have demonstrated that treatment of diabetic retinopathy in rats with simvastatin reduced ICAM-1 expression and inhibited leukocyte accumulation, whereas treatment did not change eNOS expression. 26 Thrombolysis with tPA exacerbates disruption of the BBB after stroke, which limits clinical use of tPA. 27 Treatment with rht-PA upregulates MMP9 expression, which promotes the disruption of vascular integrity and intracerebral hemorrhage. 27, 28 We found that treatment with rht-PA significantly increased cerebral microvascular MMP9 immunoreactivity and parenchymal fibrin deposition, which is consistent with the hypothesis that thrombolysis with rht-PA promotes BBB disruption. 27 MMPs degrade collagen IV. 28 In hypercholesterolemic patients with coronary artery disease, treatment with simvastatin significantly reduced plasma levels of MMP activity. 29 Consistent with previous studies, coadministration of atorvastatin and rht-PA significantly reduced cerebral microvascular MMP9 immunoreactivity, degradation of collagen IV immunoreactivity, and extravascular fibrin deposition compared with that in rht-PA-treated rats. Thus, our data suggest that atorvastatin reduces vascular MMP9 expression and thereby protects the integrity of cerebral vessels after thrombolytic rht-PA therapy for stroke.
Our study does not in any way exclude the possibility that other statins will behave similarly. Other statins, including the widely used simvastatin, have anticoagulant and thrombolytic effects similar to those of atorvastatin. 30 Our goal in this study was to simply conduct a proof-of-principle study to demonstrate that a statin can be used safely and effectively to reduce cerebral infarct volume and enhance functional outcomes when applied with rht-PA 4 hours after stroke, a time point demonstrated to be beyond the therapeutic window for rht-PA treatment alone for embolic stroke in the rat. 31 However, additional studies to more fully test and extend the utility of rht-PA adjunctive treatment with statins for stroke are warranted.
In preclinical rodent studies of stroke, both oral and subcutaneous delivery of the drug was performed. 19, 32 Plasma levels of atorvastatin after oral administration in the rat have been compared with human plasma levels. From an areaunder-the-curve analysis, doses of 10 to 80 mg/kg in humans are equivalent to doses of 5 to 18 mg/kg in rats. However, because atorvastatin has extensive first-pass metabolism in the gut and liver in humans, plasma concentrations after subcutaneous administration could be several-folds greater than for oral administration. Pharmacodynamic studies are therefore warranted for subcutaneous administration of statins.
